Abstract Steel industry wastes (iron-containing waste) could be used as a Fenton-catalyst for the decolorization of methyl orange dye. Various reaction conditions were investigated including catalyst concentration, hydrogen peroxide concentration and pH value. The obtained results indicated that the dye degradation rate increases with increasing catalyst and hydrogen peroxide (H 2 O 2 ) concentrations and with decreasing pH value. Over 98 % decolorization of the dye was achieved within 30 min at optimum reaction conditions; 200 mg/L catalyst and 34 mM H 2 O 2 concentrations at pH 2 for 20 mg/L initial dye concentration. Reaction kinetics was also carried out to determine the order of reaction in both catalyst and H 2 O 2 concentrations. Stability and reusability of Iron-containing waste were investigated. The iron-containing waste as catalyst can be reused several times with nearly same efficiency of Fenton-like oxidation of MO.
Introduction
Textile dyeing process produced large amounts of wastewater that are discharged into the environment. These effluents usually contain several classes of toxic dyes that exhibit low biodegradability and/or increased toxicity. Thus, effluents not only deteriorate the receiving waters, but also pose significant threat to the aquatic life because of the oxygen deficiency and formation of some toxic products by hydrolysis of dyes in the wastewater. Most of textile dyes are designed to produce long-lasting colors and are resistant to mild oxidation conditions. Therefore, stronger oxidation process is needed to degrade these structures (Dukkanc et al. 2010) . For that purpose, advanced oxidation technologies (AOTs) were extensively investigated. These processes rely on the generation of extremely active OH radicals, which are identified as strong and non-selective oxidants of almost all organic compounds (Li et al. 2006) . As one of AOTs, Fenton-like (Heterogeneous Fenton) process was used to generate the powerful hydroxyl radicals from H 2 O 2 in the presence of iron as Fe 2? or Fe 3? , to decompose many organic compounds including dyes (Dukkanc et al. 2010) .
In case of Heterogeneous Fenton reaction, soluble Fe 2?
catalyst is replaced by Fe-containing solids. This kind of Fenton reaction has been proved to be also effective in the treatment of industrial wastewater containing non-biodegradable organic pollutants. Furthermore, this process has numerous advantages over classical homogenous Fenton catalysis; e.g. no iron sludge is generated and easy separation of the catalyst from the treated stream (Bautista et al. 2008; Garrido-Ramirez et al. 2010) . Various heterogeneous Fenton-like catalysts such as Fe 2 O 3 (Feng et al. 2004 ), S-doped Fe 2 O 3 (Guo et al. 2010) and Fe 3 O 4 (Zhang et al. 2008) were used for wastewater treatment. Unfortunately, a lot of these catalysts do not exhibit favorable catalytic activity at neutral pH and the working pH values are usually around 3. Therefore, acidifying the wastewater or inputting external energy into the reaction system is a frequently used method to enhance their activity (Muthukumari et al. 2009; Cruz-González et al. 2010; Li et al. 2010 ). So it is worth to use low cost catalyst to reduce the overall cost In this study, the waste produced from steel industry was used as a catalyst in heterogeneous Fenton oxidation process. Steel is manufactured by the chemical reduction of iron ore, using an integrated steel manufacturing process or a direct reduction process. In the conventional integrated steel manufacturing process, the iron from the blast furnace is converted to steel in a basic oxygen furnace (BOF). Steel can also be made in an electric arc furnace (EAF) from scrap steel and, in some cases, from direct reduced iron. Three major waste streams are generated during steel manufacturing, air emissions, wastewater and solid waste. The solid waste from the conventional process, including furnace slag and collected dust, is generated at an average rate ranging from 300 kg/t of steel manufactured to 500 kg/t. This waste is rich in iron and can be used as a catalyst in heterogeneous Fenton process for wastewater treatment. The use of iron-containing waste in the treatment of wastewater will hopefully reduce the cost of wastewater treatment.
This work focuses on the use of iron-containing waste instead of iron salts as a catalyst in heterogeneous Fenton process using methyl orange as a model compound for dye wastewater. The effect of different reaction conditions (e.g. pH value, catalyst dose, hydrogen peroxide concentration and initial dye concentration) on degradation of dye was assessed along with catalyst reusability.
Experimental

Reagents
All chemicals used in this study were of analytical grade and were used without further purification. Iron-containing waste was kindly supplied by Egyptian Company for Iron and Steel and was used after sieving to fine powder. H 2 O 2 (30 %, v/v) and methyl orange (C 14 H 14 N 3 NaO 3 S; Fig. 1 ) were purchased from Fluka Company (Germany). Double distilled water was used for the preparation of dye solutions.
Analysis and procedure XRD pattern of iron-containing waste (catalyst) was recorded on Bruker diffractometer equipped with graphite monochromatized Cu-K a radiation (Germany). Amount of leached iron was determined with the aid of atomic absorption spectrometer (Varian, Spectra AA 220). All experiments were conducted in conical flask (250 mL) placed on orbital shaker (Stuart scientific, UK) with 200 rpm rotation speed and under dark circumstance. The reaction suspension containing specified concentrations of both MO dye and steel waste was prepared, and its initial pH was adjusted by diluted H 2 SO 4 . The experiments were initiated by adding the desired amount of H 2 O 2 to the reaction mixture. Five milliliter samples were collected at pre-determined time intervals during the reaction, and then NaOH was immediately added to the sample as reaction inhibitor because at first, H 2 O 2 is not stable in alkaline solution and second, the formation of ferric hydroxide complexes leads to a reduction of ÁOH radical (Ji et al. 2011) . Samples were allowed to settle for short time before measuring absorbance at k max of methyl orange by UVVisible spectrophotometer (Jasco V530, Japan).
Results and discussion
XRD characterization of steel industry waste
Iron-containing waste used in this study contains about 90 % of iron as detected by atomic absorption spectrometer. Figure 2 shows XRD pattern of steel industry waste. The diffraction peaks match well with magnetite (Fe 3 O 4 ) (PDF#72-2303), hematite (Fe 2 O 3 ) (PDF#871165) and wuestite (Fe 0.925 O) (PDF#89-0689). The major phase was magnetite (Fe 3 O 4 ) which provides magnetic property to this waste leading to easy electromagnetic separation from the treated wastewater.
Heterogeneous Fenton catalytic activity of steel industry waste
To assess the catalytic activity of iron-containing waste as a catalyst for the degradation of MO via heterogeneous Fenton process, experiments were conducted under different reaction conditions; (1) H 2 O 2 only, (2) catalyst only, and (3) catalyst and H 2 O 2 . Figure 3 shows the decolorization rate of 40 mg/L of MO as a function of time at the pre-mentioned conditions. Low and negligible decolorization rate was observed under condition (1) due to the limited oxidation ability of H 2 O 2 compared to hydroxyl radical. While, using steel industry waste led to decolorization efficiency of 21 % after 2 h because of adsorption capability of the catalyst. However, with simultaneous presence of catalyst and H 2 O 2 , decolorization efficiency was very close to 98 % within 2 h revealing that ironcontaining waste exhibited an excellent catalytic activity and could react with H 2 O 2 to generate more radicals. To exclude the possibility of homogeneous Fenton reaction by the leached iron, the concentration of leached iron was measured using atomic absorption spectrometer and was found to be 0.15 mg/L. Then, homogeneous Fenton process was carried out using the same concentration of iron that was leached out from the catalyst. Under the same operating conditions, the decolorization efficiency of homogeneous Fenton process after 2 h was only 8 % which was much less than that in case of heterogeneous system using iron-containing waste. Therefore, the catalytic activity has been primarily attributed to the steel industry waste catalyst and not to the dissolved iron ions.
A plausible mechanism of Fenton-like reaction using iron-containing waste as a catalyst is illustrated in Eqs. 
Effect of pH pH of wastewater has an important effect on heterogeneous Fenton process because pH controls the catalytic activity in the course of affecting the oxidant, the substrate, the dominant iron species, and the stability of hydrogen peroxide (Xu and Wang 2011) . Thus, the effect of pH on the MO decolorization by iron-containing waste was investigated at pH range from 2 to 5 (Fig. 4) . The results showed that the decolorization rate decreased with the reduction in pH value which is in agreement with classical Fenton process. The complete decolorization of MO was achieved within 60 min at pH 2. While at pH 5, only 55 % decolorization efficiency was gained at same reaction time. These results are also consistent with the previously reported data for the oxidative decolorization of Acid Red 1 solutions by Fe-zeolite Y type catalyst (Hassan and Hameed 2011) .
Effect of initial dye concentration
To study the effect of initial dye concentration on the decolorization efficiency, the experiments were carried out using different initial concentration of MO ranging from 10 to 80 mg/L while keeping other conditions invariable. The results are depicted in Fig. 5 . The higher the initial dye concentration, the longer the time needed for MO degradation. For instance, the MO concentration was below the detectable level after 30 min for 10, 20 and 40 mg/L initial dye concentrations, whereas 60 and 80 mg/L initial dye concentrations needed 120 min for 99 and 97 % degradation efficiencies, respectively. This phenomenon might be due to the fact that the number of dye molecules is increased but number of OHÁ is still constant. On the other hand, with the increase in initial concentration of the dye, more dye molecules were adsorbed onto the surface of catalyst (Zhang et al. 2009 ). Thereby, the generation of ÁOH radicals on the surface catalyst is reduced since the active sites were occupied by dye ions.
Effect of catalyst and hydrogen peroxide concentrations
Both the iron-containing waste and hydrogen peroxide concentrations have a significant effect on the rate of heterogeneous Fenton process as production of hydroxyl radicals depends mainly on these two factors according to Eq. 1. The influence of hydrogen peroxide concentration on decolorization rate of MO dye at different catalyst doses by heterogeneous Fenton process is illustrated in Fig. 6 . In general, efficiency of heterogeneous Fenton degradation of MO dye increased, when both catalyst and hydrogen peroxide doses increased to some extent due to production of additional hydroxyl radicals. The decolorization efficiency of MO increased when hydrogen peroxide concentration increased from 12 to 48 mM. However, further addition of H 2 O 2 to the reaction retarded the color removal. This could be due to that hydrogen peroxide not being selectively converted to hydroxyl radicals but instead autodecomposed to water and oxygen and/or, once radicals have been generated, they are exhausted through scavenging reaction mechanisms by hydrogen peroxide itself to form hydroperoxyl radicals (Eq. 6) with a lower oxidizing power (Hassan and Hameed 2011) ; the latter can also scavenge hydroxyl radicals according to Eq. 7, (Liao et al. 2009 ).
Decolorization rate was also found to increase with the increase in catalyst (iron-containing waste) concentration till reaching maximum value and then slightly decreased upon further addition of the catalyst (Fig. 6) . Same phenomenon has been reported by Liao et al. (2009) . The inhibition effect of iron species is considered as the reason for this decrease because the scavenging of hydroxyl radicals or other radicals occurs when presenting excessive metal species, which can be expressed by the following equations (Lam et al. 2005; Ramirez et al. 2007; Romero et al. 2009 ).
Thus, it could be concluded that the optimum catalyst and hydrogen peroxide concentrations for degradation MO dye are 200 mg/L and 24 mM, respectively.
Kinetics of dye decolorization by heterogeneous Fenton reaction
From engineering point of view, it is useful to find out rate equation that fits the experimental data. So, the kinetics of heterogeneous Fenton reaction was studied extensively. The change in the MO concentration with time was described by zero-, half-, and first-and second-order kinetics (Fig. 7) according to Eqs. 10, 11, 12 and 13, respectively, where C MO t is the MO concentration at time t, C MO 0 is the initial MO concentration and t is time; k 0 , k 0.5 , k 1 , and k 2 are the rate constants of the zero-, half-, first-and second-order kinetics, respectively. Table 1 represents the calculated reaction rate constants, half-life time and linear correlation coefficient (R 2 ). At all concentrations of MO, the heterogeneous Fenton degradation of MO is more pronounced in the case of first-order kinetics compared with other orders because reaction rate constant decreases with the increase in initial dye concentration which is consistent with observed data. Also, comparing t 1/2 values deduced from Fig. 5 and from Eqs. 10 and 11 confirms that removal of MO via heterogeneous Fenton reaction can be described well by first-order kinetics.
It was previously shown that the rate of heterogeneous Fenton oxidation of MO depends mainly on catalyst dose and hydrogen peroxide concentration. Hence, the rate of MO degradation equation can be expressed as in Eq. 15.
where C dye , C Fe , and C H 2 O 2 are the concentrations of MO, catalyst and H 2 O 2 , respectively, l, m and n are order of reaction in MO, catalyst and H 2 O 2 , respectively and k is the rate constant. In order to calculate order of reaction in catalyst and H 2 O 2 , it was assumed that the apparent rate constant (calculated from pseudo first order kinetics of decolorization process, Fig. 6 ) is directly proportional to concentration of both catalyst and hydrogen peroxide; and hence: where k* is the apparent rate constant of pseudo-first-order kinetics, k is the actual rate constant. Figure 8 represents the change in k* as a function in catalyst dose at 20 mg/L of dye concentration. The slope of straight lines represents order of reaction in catalyst concentration (m) which was found to be 1.12 and intercept represents k**. The order of reaction in hydrogen peroxide concentration (n) can be determined by plotting the intercepts (k**) in Fig. 8 against ln H 2 O 2 concentration (Fig. 9) . The calculated reaction orders in H 2 O 2 concentration was 0.426. Finally, it can be concluded that the rate equation that describe decolorization of MO dye using steel industry waste is:
Stability and reusability of iron-containing waste
To assess the stability of iron-containing waste as catalyst in heterogeneous Fenton reaction, samples were analyzed to determine the concentration of dissolved iron ions. The amount of leached iron from waste was 0.15 mg/L after 120 min at pH 2. This result supports that heterogeneous Fenton reaction using steel industry waste was carried out efficiently without iron leaching and this also may support the reuse of this catalyst for several times with same efficiency. After MO decolorization, used waste (catalyst) was separated from solution by magnetic separation and reused for several consecutive MO decolorization processes. As illustrated in Fig. 10 , the activity decreased gradually during successive runs. However, the removal rate was rather comparable for all the runs at longer reaction times. 96 % decolorization of MO was still achieved within 45 min and after catalyst being used for 5 cycles.
Conclusions
In this study, iron-containing waste was used as a heterogeneous Fenton-catalyst. The iron-containing waste had a high catalytic activity toward the degradation of MO dye in the presence of H 2 O 2 and in acidic pH range. 200 mg/L of waste could catalyze 24 mM H 2 O 2 to achieve 99 % of decolorization efficiency of solution containing 20 mg/L of MO dye in just 30 min at pH 2. Different kinetic models were investigated to determine the exact rate equation that fits the experimental data. First-order kinetics was found to be the best rate equation. Order of reaction in hydrogen peroxide concentration was 0.426, while order of reaction in catalyst concentration was 1.12, respectively. This indicates that rate or reaction was more dependent on catalyst concentration rather than hydrogen peroxide concentration. Results also showed that the catalyst have a good stability and reusability. This study may provide useful information for the use of low cost materials as catalysts in heterogeneous Fenton process catalysts for degradation of organic pollutants. 
